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HIGHLIGHTS 


•  A  vacuum  ejector  fluidly  connected  to  the  anode  outlet  entrains  the  unused  hydrogen  into  the  supply  line. 

•  The  passive  hydrogen  delivery  scheme  contains  a  continuous-flow  mode  and  a  pulse-flow  mode. 

•  The  anode  stoichiometry  has  been  stabilized  in  the  range  of  1.4— 1.6  with  an  entrainment  ratio  of  40—50%. 

•  The  reliability  of  the  passive  scheme  has  been  verified  by  an  approximate  1  -h  test. 
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The  present  work  describes  the  development  of  a  passive  hydrogen-recirculating  scheme  for  the  anode 
of  a  proton  exchange  membrane  (PEM)  fuel  cell  system.  A  vacuum  ejector  is  fluidly  connected  to  the 
stack  anode  outlet  to  entrain  the  unused  hydrogen  into  the  main  hydrogen  supply.  A  combination  of  a 
continuous-flow  mode  and  a  pulse-flow  mode  is  employed  to  cover  a  wide  range  of  power  consumption. 
The  former  deals  with  the  normal  and  high  stack  power  conditions,  while  the  latter  is  active  only  at  low 
stack  power.  Transient  results  showed  that  the  hydrogen  anode  stoichiometry  has  been  successfully 
stabilized  in  the  range  of  1.4— 1.6  with  an  entrainment  ratio  of  40-50%  under  the  constant  system  load  of 
1.45  kW.  In  addition,  the  reliable  operation  of  the  PEM  fuel  cell  system  without  any  failure  during  the 
approximate  1-h  test  indicates  the  stability  and  reliability  of  the  present  hydrogen  recovery  scheme. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  exchange  membrane  (PEM)  fuel  cells  have  been  widely 
used  as  the  primary  power  source  in  transportation  applications 
such  as  scooters,  sedans,  buses,  boats,  and  space  crafts,  owing  to 
their  numerous  advantages  over  the  conventional  power  sources 
such  as  short  startup  time,  compact  system  volume,  low  emission 
of  pollutants,  and  relatively  high  system  efficiency  [1,2]. 

In  a  PEM  fuel  cell  system,  hydrogen  is  usually  used  as  the  fuel. 
Typically,  the  hydrogen  circuit  of  a  PEM  fuel  cell  is  operated  in  a 
dead-end  mode,  in  which  the  anode  outlet  is  closed  and  the 
hydrogen  is  consumed  inside  the  anode  compartment  [3-5].  The 
dead-end  mode  of  operation  needs  a  high-purity  hydrogen  fuel  gas, 
e.g.,  >99.99%  hydrogen,  and  requires  periodic  purges  to  remove 
water  generated  in  the  reaction  and  other  impurities  in  the 
hydrogen  fuel  gas.  In  addition,  an  alternative  hydrogen  delivery 
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scheme  of  the  flow-through  mode  has  been  widely  used  in  the 
anode  compartment  of  a  PEM  fuel  cell.  In  this  scheme,  the  hydrogen 
fuel  gas  flows  through  the  anode  continuously  and  only  a  portion  of 
the  hydrogen  in  the  fuel  gas  is  consumed  with  substantial  amount 
of  hydrogen  contained  in  the  exhaust  gas  from  the  anode.  There¬ 
fore,  the  hydrogen  utilization  in  the  flow-through  mode  is  lower 
than  that  in  the  dead-end  mode.  The  general  treatment  of  the 
unused  hydrogen  in  the  stack  anode  is  to  recirculate  back  to  the 
anode  counterpart  by  an  electric  pump  [5-7].  However,  the  electric 
pump  utilizes  the  electrical  power  generated  by  the  fuel  cell  stack, 
thereby  decreasing  the  overall  efficiency.  Therefore,  it  has  been  an 
ongoing  challenge  to  provide  an  efficient  method  of  reintroducing 
the  unused  hydrogen  back  into  the  main  hydrogen  passage.  To 
address  this  challenge,  vacuum  ejectors  have  been  used  in  fuel  cell 
systems  to  introduce  fuel  from  the  fuel  source  to  the  fuel  cell  stack 
[2,8].  A  vacuum  ejector  is  a  passive  jet  pump,  which  does  not 
consume  any  electricity  [9,10].  Instead,  it  uses  the  potential  energy 
of  the  pressurized  primary  fluid  to  pump  the  secondary  fluid  by 
accelerating  the  primary  fluid  through  the  nozzle  of  the  ejector, 
thus  decreasing  its  pressure.  In  other  words,  the  high-pressure 
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motive  fluid  passes  through  the  nozzle,  where  its  pressure  is 
dissipated  in  accelerating  the  fluid  to  a  high  velocity  as  it  exits  the 
mouth  of  the  nozzle.  The  high  velocity  fluid  stream  exiting  the 
nozzle  entrains  the  relatively  low-pressure  fluid  introduced  at  the 
suction  inlet  to  the  ejector.  Entrainment  of  the  low-pressure  suc¬ 
tion  fluid  with  the  motive  fluid  causes  the  suction  fluid  to  move 
with  the  motive  fluid.  The  two  streams  mix  as  they  pass  into  the 
diffuser  portion  of  the  ejector.  An  additional  advantage  of  an  ejector 
is  its  rigid  and  simple  construction,  which  makes  it  very  reliable 
and  long-lasting.  Furthermore,  an  ejector  has  no  moving  parts  and, 
thus,  does  not  need  any  lubrication  and  requires  very  little  main¬ 
tenance  [9].  However,  the  function  of  an  ejector  depends  strongly 
on  its  geometry,  which  means  that  the  ejector  works  only  at  a 
relatively  narrow  range  of  flow  rates  [2].  In  addition,  hydrogen 
must  continuously  be  consumed  in  the  fuel  cell  stack  in  order  to 
work  as  a  recirculation  pump  for  a  vacuum  ejector. 

The  objective  of  the  present  work  is  to  develop  a  passive 
hydrogen  delivery  scheme  to  effectively  recover  the  unused 
hydrogen  in  the  anode  counterpart  of  a  PEM  fuel  cell  system.  A 
vacuum  ejector  is  fluidly  connected  to  the  stack  anode  outlet  to 
entrain  the  unused  hydrogen  into  the  main  hydrogen  supply.  Two 
different  hydrogen  supply  schemes  are  employed  to  cover  a  wide 
range  power  consumption  during  the  operation,  which  combines  a 
continuous-flow  mode  and  a  pulse-flow  mode  in  the  hydrogen 
supply.  The  continuous-flow  mode  deals  with  the  normal  and  the 
high  stack  power  conditions,  while  the  pulse-flow  mode  is  active 
only  when  the  stack  power  is  outside  the  working  range  of  the 
vacuum  ejector  [2]. 

2.  System  descriptions 

2.1.  Fuel  cell  generator 

Fig.  1  shows  a  schematic  of  a  PEM  fuel  cell  generator,  which 
consists  of  a  PEM  fuel  cell  stack,  an  airflow  circuit,  a  coolant  flow 
circuit,  a  power-conditioning  module,  and  a  hydrogen  flow  circuit. 
Except  for  the  hydrogen  flow  circuit,  all  the  other  subsystems  of  the 
fuel  cell  generator  have  been  illustrated  in  detail  elsewhere  [Il¬ 
ls];  thus,  only  some  of  the  relevant  features  are  briefly  explained 
here. 

The  fuel  cell  stack  is  made  up  of  50  cells  that  contain  two 
composite  plates  and  a  proton  exchange  membrane.  The  technical 
specifications  of  the  fuel  cell  stack  are  given  in  Table  1.  The  airflow 
circuit  provides  filtered,  conditioned  air  to  the  cathode  of  the  fuel 
cell  stack.  It  includes  an  air  filter,  an  air  blower,  and  a  membrane 


Table  1 

Technical  specifications  of  the  fuel  cell  stack. 


Specifications 

Value 

Number  of  cells 

50 

Active  area 

150  cm2 

Rated  net  output 

2000  W  @  36VDC 

Cut-off  voltage 

28  VDC 

Operating  temperature 

4^ 

O 

1 

00 

o 

n 

Anode  feeding 

Gaseous  hydrogen,  99.99%  in  purity 

Cathode  feeding 

Ambient  air 

Coolant 

Propylene  glycol/DI  water  mixture  (50%/50%) 

humidifier.  The  air  filter  removes  volatile  gases  and  solid  contam¬ 
inates  from  the  process  airstream  by  chemical  absorption  using 
activated  carbon  media  and  mechanical  filtration.  The  air  blower 
acquired  from  Ametek  has  a  variable  speed  motor  controlled  by  a 
separate  motor  controller.  The  motor  speed  of  the  blower  is  a 
function  of  the  DC  power  output  of  the  fuel  cell  system  14,15].  The 
membrane  humidifier  produced  by  Perma  transfers  the  heat  and 
the  humidity  from  the  stack  cathode  exhaust  to  the  inlet  airstream 
[16,17].  The  coolant  flow  circuit  consists  of  a  coolant  pump  and  a 
radiator/fan  assembly  [18],  which  coordinates  the  fan  speed  and 
the  pump  speed  to  ensure  an  operating  temperature  of  approxi¬ 
mately  80  °C  [19]  in  the  fuel  cell  stack.  The  coolant  is  a  mixture  of 
50%  propylene  glycol  and  50%  DI  water,  which  provides  a  good 
thermal  conductivity  and  cold-start  properties.  The  power¬ 
conditioning  module  provides  a  proper  interface  between  the 
stack  power  and  the  external  load,  which  consists  of  a  bidirectional 
DC/DC  converter,  a  secondary  (lithium-ion)  battery,  a  program¬ 
mable  electronic  load,  and  a  power  controller  [20,21  ].  During  a  high 
power  demand  on  the  external  load,  the  converter  boosts  the  stack 
power  to  the  DC  bus,  and  the  lithium-ion  battery  discharges  to  add 
the  extra  power  to  the  DC  bus.  In  contrast,  when  the  external  load 
power  demand  is  less  than  the  power  generated  by  the  fuel  cell 
stack,  the  converter  uses  the  extra  stack  power  to  charge  the 
lithium-ion  battery. 

2.2.  Hydrogen  delivery  circuit 

Fig.  2  depicts  the  hydrogen  flow  circuit  of  the  fuel  cell  generator. 
In  contrast  to  the  active  electrical  pump  in  our  previous  work  [22],  a 
passive  jet  pump,  i.e.,  a  vacuum  ejector,  is  employed  to  recirculate 
the  unused  hydrogen  in  the  anode  counterpart.  Note  that  the 
maximum  power  consumption  of  the  electrical  pump  occupies 
about  10%  of  the  auxiliary  power  of  BOPs  in  a  fuel  cell  system  [22]. 

Fig.  3  shows  a  sectional  view  of  the  vacuum  ejector,  which 
comprises  of  a  motive  inlet,  an  entrainment  inlet,  and  a  discharge 
outlet.  They  are  fluidly  connected  to  the  high-pressure  fresh 
hydrogen  supply  (motive  or  primary  flow),  the  unused  hydrogen 
stream  from  the  anode  outlet  (entrainment  or  secondary  flow),  and 
the  hydrogen  stream  inlet  (combined  flow)  of  the  stack  anode, 
respectively.  The  throat  diameter  of  the  ejector  is  1.0  mm.  During 
the  operation,  fresh  hydrogen  enters  the  ejector  from  the  motive 
inlet,  and  then  drives  and  mixes  with  the  recirculating  flow  by 
suction.  The  merger  of  the  recirculated  hydrogen  stream  m2  and 
the  pressurized  fresh  hydrogen  stream  ml  thus  forms  the  discharge 
hydrogen  stream  of  the  vacuum  ejector  m3.  The  discharge  flow 
passes  into  the  diffuser  portion  of  the  ejector,  where  the  relatively 
high  velocity  of  the  mixed  fluids  is  converted  into  static  pressure. 
Thereafter,  the  hydrogen  flow  through  the  flow  field  channels  of 
the  anode  results  in  a  pressure  drop  between  the  anode  inlet  and 
the  anode  outlet,  i.e.,  Pa i  -  Pao.  This  pressure  drop  provides  the 
driving  force  for  moving  the  fuel  through  the  anode  flow  field 
channels,  which  is  closely  related  to  the  effectiveness  of  removing 
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the  water  droplets  from  these  channels.  During  the  operation,  the 
variation  in  the  feed  pressure  of  the  motive  fluid  by  adjusting  the 
proportional  valve  PV  controls  the  ejector  effectiveness. 

As  shown  in  Fig.  2,  to  avoid  the  accumulation  of  liquid  water  in 
the  anode,  the  anode  exhaust  fuel  gas  passes  through  a  gas/liquid 
separator  installed  in  the  recirculation  circuit  that  removes  the 
water  contained  in  the  unused  hydrogen  stream  before  reintro¬ 
ducing  it  into  the  main  hydrogen  passage  [23].  Thereafter,  a  portion 
of  the  hydrogen/inert  gas  mixture  is  exhausted  into  the  cathode 
inlet  through  an  orifice  along  with  a  solenoid  valve,  which  could 
help  in  increasing  the  humidity  of  the  cathode  inlet  stream.  This 
solenoid  valve  remains  open  whenever  the  fuel  cell  system  is  shut 
down,  and  allows  the  hydrogen  in  the  circuit  to  vent  when  not  in 
use.  Such  a  mechanism  prevents  a  vacuum  from  building  up  within 
the  fuel  delivery  circuit,  since  any  residual  hydrogen  would  slowly 
react  within  the  fuel  cell  stacks  while  the  system  is  off.  Table  2  lists 
the  major  components  employed  in  the  passive  hydrogen  delivery 
circuit. 


Entrainment  Flow,  m2 


Fig.  3.  Cut-view  of  the  vacuum  ejector. 


3.  Results  and  discussion 

3.1.  Ejector  characteristics 

Fig.  4  shows  the  flow  characteristics  of  the  ejector,  illustrating 
the  effect  of  the  supply  pressure,  and  hence  the  motive  flow  rate  at 
the  ejector  inlet,  on  the  entrainment  flow  rates  and  the  vacuum 
pressure  on  the  suction  port.  The  supply  pressure  at  the  ejector 
varies  from  0.02  to  0.4  MPa.  Both  the  discharge  port  and  the  suction 
port  of  the  ejector  are  open  to  the  ambient.  The  experiments  are 
carried  out  under  unreactive  conditions  with  compressed  air  as  the 
working  fluid. 

As  shown  in  Fig.  4,  the  motive  flow  rate  ml  increases  with 
increasing  supply  pressure,  such  that  the  higher  static  pressures 
are  converted  to  the  higher  flow  rates.  Moreover,  the  entrainment 
flow  rate  m2  at  the  suction  port  increases  with  increasing  supply 
pressure.  Physically,  the  vacuum  pressure  at  the  suction  port  in¬ 
creases  (in  negative  values)  when  the  motive  flow  rate  increases, 
which  in-turn  enhances  the  flow  entrainment  at  the  suction  port 
and  thus  increases  the  entrainment  flow  rate.  Consequently,  the 
total  flow  rate  through  the  discharge  port  increases  with 
increasing  supply  pressure.  Note  that  no  entrainment  flow  is 
sensed  on  the  suction  port  when  the  supply  pressure  is  lower  than 
0.01  MPa  (data  not  shown  in  Fig.  4).  In  other  words,  the  supply 
pressure,  and  consequently  the  motive  flow  rate,  should  be  higher 
than  a  threshold  valve  to  effectively  entrain  the  flow  from  the 
suction  port  [2].  During  the  design  of  the  hydrogen  delivery 
scheme  utilizing  the  vacuum  ejector,  the  airflow  rate  in  Fig.  4  is 


Table  2 

Major  components  of  the  passive  hydrogen  delivery  circuit. 


Components  Quantity 


Vacuum  ejector  1 

Proportional  valve  1 

Pressure  regulator  2 

Solenoid  valve  3 

Gas/liquid  separator  1 

Pressure  sensor  3 

Purge  orifice  1 

Mass  flow  meter  2 

Microcontroller  1 
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-O-Motive  Flow  (ml)  -ODischarge  Flow  (m3) - Entrainment  Flow  (m2)  -^-Vacuum  Pressure 


Fig.  4.  Flow  characteristics  of  the  vacuum  ejector. 


converted  to  the  hydrogen  flow  rate  by  using  the  Reynolds  anal- 

°gy  [24]. 

3.2.  Effect  of  stack  power 

For  an  ejector,  hydrogen  must  continuously  be  consumed  in  the 
fuel  cell  stack  in  order  to  work  as  a  recirculation  pump.  However, 
under  the  low  stack  power  conditions,  the  hydrogen  flow  rate 
across  the  ejector  is  small.  Therefore,  according  to  the  discussions 
above,  the  ejector  cannot  create  a  vacuum  environment  on  the 
suction  port  to  entrain  the  flow  from  the  recirculation  circuit.  In 
addition,  the  small  hydrogen  flow  cannot  ensure  an  adequate 
removal  of  water  droplets  from  the  anode  flow  field  channels.  Thus, 
the  continuous  flow  across  the  vacuum  ejector  would  not  be  suit¬ 
able  for  the  low  stack  power  conditions.  The  present  work  uses  two 
different  hydrogen  delivery  schemes  for  wide-ranging  operation 
conditions.  As  shown  in  Fig.  5,  the  first  scheme  is  a  continuous-flow 
mode  for  the  normal  and  high  stack  power  conditions,  while  the 


(a)  Continuous-flow  mode 


(b)  Pulse-flow  mode 


Fig.  5.  Schematics  of  (a)  continuous  jet  flow  for  high  stack  power  (>600  W)  and  (b) 
pulsejet  flow  for  low  stack  power  (<600  W). 


second  scheme  uses  the  pulse  flow  to  deal  with  the  low  stack  po¬ 
wer  conditions. 

The  continuous-flow  mode  comprises  the  following  steps: 

1.  Determine  the  threshold  stack  power  and  thus  the  minimum 
hydrogen  flow  rate  at  which  there  is  a  sufficient  driving  force  to 
remove  the  water  droplets  accumulated  in  the  anode  flow  field 
channels. 

2.  A  closing  of  the  solenoid  valve  SV1  to  direct  hydrogen  to  the 
stack  anode  via  the  proportional  valve  PV  to  the  fuel  cell  stack 
when  the  stack  power  is  higher  than  the  threshold  value. 

3.  Commanding  the  proportional  valve  to  increase/decrease  the 
pressure  of  the  hydrogen  stream  at  the  anode  inlet  when  the 
stack  power,  and  consequently  the  hydrogen  flow  rate  through 
the  vacuum  ejector,  increases/decreases. 

Fig.  6  represents  the  typical  results  of  the  continuous-flow 
mode,  which  shows  the  hydrogen  flow  rate  as  a  function  of  the 
stack  power  for  Pstack  >  600  W.  During  the  operation  of  the  fuel  cell 
stack,  the  microcontroller  controls  the  proportional  valve  to  vary 
the  amount  of  hydrogen  supplied  to  the  stack,  such  that  the 
hydrogen  anode  stoichiometry  is  maintained  at  a  preset  level.  Thus, 
the  interaction  of  the  pressure  signals  and  the  proportional  valve 
causes  the  ejector  to  be  loaded,  and  therefore  capable  of  main¬ 
taining  both  a  relatively  uniform  inlet  hydrogen  stream  pressure  to 
the  stack  anode  and  a  relatively  uniform  hydrogen  recirculation 
ratio.  As  shown  in  Fig.  6,  all  the  three  hydrogen  flow  rates  increase 
with  an  increase  in  the  stack  power.  In  addition,  the  entrainment 
ratio  keeps  stable  at  40%,  and  the  hydrogen  anode  stoichiometry 
varies  in  a  narrow  range  of  1.6— 1.7.  This  implies  that  the  pressur¬ 
ized  hydrogen  in  the  fuel  supply  line  is  sufficient  to  ensure  the 
adequate  entrainment  of  the  recirculated  fuel  stream  by  the  fresh 
fuel  stream.  In  addition,  the  anode  pressure  difference  created  in 
the  stack  is  sufficient  for  adequately  removing  the  water  droplets 
from  the  anode  flow  field  channels  and  ensuring  a  stable  stack 
operation. 

In  contrast  to  the  continuous-flow  mode,  the  pulse-flow  mode  is 
employed  when  the  stack  power  is  lower  than  the  threshold  value, 
as  shown  in  Fig.  5(b).  In  this  case,  the  microcontroller  closes  the 
proportional  valve  PV  in  the  fuel  supply  line  to  direct  hydrogen  to 
the  stack  anode  via  the  solenoid  valve  SV1.  The  methodology  of  the 
pulse-flow  mode  comprises  of  the  following  steps: 

1.  Initially  opening  the  solenoid  valve  SV1  and  supplying  fuel  to 
the  fuel  cell  stack. 

2.  Completely  closing  the  solenoid  valve  SV1  and  keeping  it 
closed  to  stop  the  hydrogen  supply  to  the  stack  when  the 
pressure  difference  between  the  anode  inlet  and  the  anode 
outlet  is  above  a  preset  value  A. 

3.  Opening  the  solenoid  valve  SV1  to  restart  the  fuel  supply  to  the 
stack  when  the  pressure  difference  drops  below  another  preset 
value  B.  The  second  preset  threshold  value  B  is  lower  than  the 
first  preset  threshold  value  A. 

4.  The  periodic  opening  and  closing  of  the  solenoid  valve  SV1 
creates  a  pulsed  hydrogen  supply  to  the  stack. 

Fig.  7  shows  a  representative  illustration  of  the  transient  pres¬ 
sure  distribution  at  the  anode  outlet  of  the  pulse-flow  mode  for  the 
stack  power  of  Pstack  =  300  W.  The  actions  of  the  solenoid  valve  SV1 
are  also  shown.  It  can  be  seen  that  the  anode  outlet  pressure  in¬ 
creases  sharply  when  the  solenoid  valve  SV1  opens.  This  valve  then 
closes  quickly  to  stop  the  fuel  supply  to  the  stack.  Thereafter,  the 
anode  outlet  pressure  gradually  declines  due  to  the  fuel  con¬ 
sumption  by  the  hydrogen  reduction  reaction  (HOR).  As  the  anode 
outlet  pressure  decreases  to  a  preset  value,  e.g.  1.06  bar,  the 
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Fig.  6.  Hydrogen  flow  characteristics  in  the  anode  for  stack  power  higher  than  600  W. 


solenoid  valve  SV1  opens  and  thus  the  anode  pressure  increases 
again.  The  periodic  opening  and  closing  of  the  solenoid  valve  SV1 
creates  a  pulsed  hydrogen  supply  to  the  ejector  and  allows  more 
fuel  to  enter  the  anode  than  the  actual  consumption  required  by  the 
stack  load,  which  results  in  a  periodic  high  recirculation  rates  and 
some  fuel  accumulation  in  the  anode  loop.  This  mechanism  causes 
an  overall  improved  fuel  recirculation  by  creating  an  adequate 
motive  flow  in  the  ejector  and  a  better  removal  of  water  droplets 
from  the  anode  flow  field  channels.  Even  if  the  anode  pressure 
difference  drop  during  the  brief  periods  of  time  when  the  solenoid 
valve  SV1  is  closed,  and  as  a  consequence  water  accumulates  in  the 
fuel  cell  stack,  the  increase  in  the  anode  pressure  difference  when 
the  solenoid  valve  SV1  is  next  opened  will  remove  the  accumulated 
water  from  the  anode  flow  field  channels. 

3.3.  Transient  test  of  the  system 

To  examine  the  feasibility  of  the  present  passive  hydrogen  de¬ 
livery  scheme,  the  transient  test  of  a  PEM  fuel  cell  generator  using 
the  current  technique  is  carried  out.  Fig.  8  shows  the  electrical 
characteristics  of  the  PEM  fuel  cell  generator  under  the  constant 
system  power  of  1.45  kW.  It  can  be  seen  that  the  stack  power  is 
higher  than  the  system  power,  typically  by  about  300  W-600  W. 
The  extra  power  is  mainly  used  to  drive  the  system  auxiliaries  and 
dissipates  by  the  conversion  and  the  transmission  losses.  The  step 
change  in  the  stack  power  distribution  is  mainly  caused  by  the 
operation  of  the  cathode  air  blower  [18].  The  power  demand  of  the 
air  blower  is  dependent  not  only  on  the  load  operation,  but  also  on 
the  cell  voltage.  When  the  cell  voltage  decreases  to  an  extent,  e.g., 
0.4  V  per  cell,  the  air  blower  should  run  in  full  power  mode  to  blow 


out  the  accumulated  water  inside  the  cathode.  Therefore,  the  po¬ 
wer  step  is  due  to  the  action  of  the  air  blower.  It  can  be  further  seen 
from  Fig.  8  that  the  stack  voltage  is  confined  in  a  narrow  range  of 
30-36  VDC  during  the  operation  period.  The  dynamics  of  the 
current  extracted  from  the  stack  is  relatively  significant,  ranging 
from  50  to  65  A.  In  general,  the  transient  current  distribution  of  the 
stack  current  is  similar  to  that  of  the  stack  power.  It  should  also  be 
noted  that  the  current  extracted  from  the  stack  is  largely  related  to 
the  hydrogen  flow  rates  in  the  stack  anode,  which  will  be  discussed 
later. 

Fig.  9  shows  the  transient  variations  of  hydrogen  flow  rates 
across  the  ejector  at  the  system  power  of  1.45  kW.  The  motive  flow 
rate  mi  and  the  discharge  flow  rate  m3  are  directly  measured  from 
the  mass  flow  meters,  while  the  entrainment  flow  rate  m2  is  ob¬ 
tained  by  subtracting  the  motive  flow  rate  from  the  discharge  flow 
rate.  It  is  seen  that  the  motive  flow  rate  mi  is  in  parallel  with  the 
stack  current  shown  in  Fig.  8.  This  is  a  very  reasonable  observation 
considering  the  electron  mass-balance  requirements.  In  addition, 
the  figure  also  shows  that  the  entrainment  flow  is  relatively  stable 
when  the  motive  flow  keeps  constant.  In  contrast,  the  step-change 
in  the  motive  flow  rate  results  in  a  high  variation  of  the  entrain¬ 
ment  flow  rate. 

Fig.  10(a)  and  (b)  show  the  transient  variations  of  the  entrain¬ 
ment  ratio  (m2/m3)  of  the  vacuum  ejector  and  the  hydrogen  anode 
stoichiometry  for  the  PEM  fuel  cell  generator,  respectively,  under 
the  constant  system  power  of  1.45  kW.  It  is  clearly  seen  that  the 
entrainment  ratio  ranges  from  30  to  45%  during  the  experiment, 
which  is  highly  consistent  with  the  measurements  shown  in  Fig.  6. 
The  hydrogen  anode  stoichiometry  ranges  from  1.4  to  1.9  with  an 
average  of  1.6  during  the  experiment. 
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Fig.  7.  Anode  outlet  pressure  profiles  for  purge-flow  mode  for  stack  power  of  300  W. 


3.4.  Electrical  efficiency 
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Fig.  8.  Transient  variations  of  stack  voltage,  stack  current  and  stack  power  at  constant 
system  power  of  1.45  kW. 
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The  electrical  efficiency  of  the  fuel  cell  stack  is  defined  as 
the  ratio  of  the  stack  gross  power  (Pstack)  to  the  hydrogen  power 
(Pm),  i.e., 


„  _  ^stack  _  4tack  x  ^stack 

stack  "  P»2  ~  c  X  ml 


(1) 


where  ml  is  the  motive  flow  of  the  ejector,  and  C  is  a  transfer 
coefficient  between  the  hydrogen  flow  rate  and  the  power,  i.e., 
0.1646  kW-LPM-1.  The  gross  power  extracted  from  the  fuel  cell 
stack  is  derived  from  the  measured  stack  current  (/stack)  and  the 
stack  voltage  (Vstack)-  The  hydrogen  mass  flow  rate  in  Eq.  (1)  is 
directly  measured  from  the  mass  flow  meter.  The  electrical  effi¬ 
ciency  of  the  fuel  cell  system  can  be  determined  by  considering 
the  contributions  of  stack  power,  auxiliary  power  consumption, 
and  power  conversion/transmission  loss.  The  present  work, 
however,  does  not  use  this  approach  because  it  is  problematic  to 
measure  the  transient  power  consumption  of  the  auxiliaries 
during  the  operation.  For  example,  it  is  not  easy  to  determine  the 
real  power  dissipation  by  the  air  blower,  which  fluctuates  by  the 
speed-up  and  the  slow-down  of  the  motor  during  the  operation. 
Therefore,  the  system  efficiency  is  defined  as  the  ratio  of  the  net 
power  to  the  external  load,  Pi0ad»  to  the  consumed  hydrogen  po¬ 
wer,  i.e., 


,.  _  ^load  _  Aoad  x  ^load 

^system  ~  ~p^  ~  C  x  ml 


(2) 
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Fig.  9.  Hydrogen  flow  rate  for  flow  across  the  vacuum  ejector  at  constant  system  power  of  1.45  kW. 


where  Pioad  is  determined  by  the  voltage  across  the  external  load 
(V^ioad)  and  the  current  passing  through  the  circuit  (/ioad)- 

As  shown  in  Fig.  11(a),  the  transient  distribution  of  the  hydrogen 
power  is  in  parallel  with  that  of  the  stack  power.  Moreover,  the 
hydrogen  power  required  for  driving  the  external  load  1.45  kW 
ranges  from  3.0  kW  to  4.0  kW.  The  corresponding  stack  efficiency 
varies  from  47  to  56%.  With  respect  to  the  system-level  result,  the 
electrical  efficiency  is  in  the  range  of  35-47%. 

4.  Conclusions 

In  this  work,  a  passive  scheme  has  been  deployed  to  recover  the 
unused  hydrogen  from  the  anode  outlet  of  a  PEM  fuel  cell  system.  A 
vacuum  ejector  is  employed  to  fluidly  connect  the  stack  anode 
outlet  to  entrain  the  unused  hydrogen  into  the  main  hydrogen 
supply.  To  cover  a  wide  range  of  stack  power  consumption,  a  hybrid 


A 


scheme  combining  a  continuous  supply  flow  and  a  pulse  supply 
flow  is  employed  to  efficiently  recover  the  unused  hydrogen  in  the 
anode  exhausts.  The  former  flow  mode  deals  with  the  normal  and 
high  stack  power  conditions,  while  the  latter  flow  mode  is  active 
only  when  the  stack  power  is  beyond  the  working  range  of  the 
vacuum  ejector.  The  measurements  of  the  flow  and  its  electro¬ 
chemical  characteristics  revealed  that  the  hydrogen  anode  stoi¬ 
chiometry  has  been  successfully  stabilized  in  the  range  of  1.4-1. 6 
under  the  constant  system  load  of  1.45  kW.  The  results  also  showed 
that  the  entrainment  ratio  varies  between  40%  and  50%.  The  system 
efficiency  was  found  to  be  between  35%  and  48%,  whereas  the  stack 
efficiency  varied  from  48%  to  56%  at  the  system  power  of  1.45  kW. 
The  transient  results  reveal  that  the  PEM  fuel  cell  system  displays 
reliable  operation  without  any  failure  during  the  approximate  1-h 
test.  This  indicates  that  the  stability  and  the  reliability  of  the  pre¬ 
sent  hydrogen  recovery  scheme  are,  to  a  certain  extent,  satisfactory. 
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Fig.  10.  Transient  variations  of  (a)  entrainment  ratio  (m2/m3)  and  (b)  hydrogen  anode  stoichiometry  (m3 /ml). 
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Fig.  11.  Transient  variations  of  hydrogen  power  and  the  fuel  cell  efficiencies  (a)  stack  efficiency,  and  (b)  system  efficiency. 
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The  entrainment-flow  angle  relative  to  the  motive  flow  is  an 
important  parameter  of  the  performance  of  the  ejector,  which  will 
be  discussed  in  our  future  efforts. 
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